The structure and the magnetic state of ordered Fe 65 Al 35− M (M = Ga, B; = 0; 5 at.%) alloys are investigated using X-ray diffraction, Mössbauer spectroscopy, and magnetic measurements. The behavior of the magnetic characteristics and Mössbauer spectra of the binary alloy Fe 65 Al 35 and the ternary alloy with gallium addition Fe 65 Al 30 Ga 5 is explained in terms of the phase separation into two magnetic phases: a ferromagnetic one and a spin density wave. It is shown that the addition of boron to the initial binary alloy Fe 65 Al 35 results in the ferromagnetic behavior of the ternary alloy.
Introduction
One of the most intriguing topics of modern solid-state physics is noncollinear disordered [1] and ordered [2] [3] [4] structures of magnetic moments. In addition to the need to understand the cause of their existence [2] , they are closely related to superconductivity [2] [3] [4] and are important for spintronic applications [5] . There are different concepts of the nature of magnetic nanostructures. It is assumed that they may arise as a result of competing exchange interactions, the Fermi surface nesting, and low-lying thermal excitations. Moreover, the very identification of the structures remains a complicated problem. In neutron-diffraction studies of B2-ordered Fe-Al alloys, a correlation of the magnetic moments with a coherence length of about 5 nm was revealed [6] . The observed ordering of the magnetic moments was explained in terms of the spin density wave (SDW). It was found that, at a concentration of = 35 at.% in Fe 100− Al alloys, the spin density wave has the largest coherence length. In a study [7] of the magnetotransport properties of quasi-ordered Fe 100− Al alloys, = 30-35 at.%, the anomalies in the behavior of the transverse magnetoresistance and the Hall constant were explained based on the model of an inhomogeneous magnetic structure. In this context, the quasi-ordered Fe-Al alloys with an Al content from 25 to 40 at.% are of interest as model objects for studying the origin and stabilization of magnetic inhomogeneities in structurally homogeneous magnets, in particular incommensurate long-period spin structures. It is assumed that small additions of a third element, for example, Ga or B, to the Fe 65 Al 35 alloy will allow one to follow the changes in the magnetic state of the initial alloy and, thus, to clarify the peculiarities of its magnetic microstructure.
The aim of this work is to study the magnetic state of ternary quasi-ordered Fe 65 Al 35− M (M = Ga, B; = 5 at.%) alloys based on an analysis of the structure, Mössbauer and magnetometric data, and their comparison with the results of analogous studies of the Fe 65 Al 35 alloy.
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Advances in Condensed Matter Physics treatment of disordered nanocrystalline alloys synthesized by mechanochemistry. The alloys from the original powders (99.98% Fe and 99.99% Al) and a Ga or B (99.98%) additive in the appropriate weight ratio were synthesized in a FRITSCH P-7 planetary ball mill with vials and balls of hardened steel in an Ar atmosphere for 16 hours. Next the scheme and the parameters of heat treatment were selected in such a way as to ensure the structural and chemical homogeneity of the alloys and the required state of structure (a superstructure of the B2 or D0 3 type). The chemical composition of the alloys was determined by the methods of secondary ion mass spectrometry (SIMS, MC7201) and atomic emission spectrometry (SPECTROFLAME-MODULA D with inductively coupled plasma inductively coupled plasma). The results of these studies showed that the content of additives coincided with that in the initial mixture for mechanosynthesis with an accuracy of 0.5 at.%.
Attestation of the structure was carried out by X-ray diffraction (XRD) at room temperature using a SMARTLAB (Rigaku) diffractometer with Cu K -monochromated radiation. The phase composition of the obtained materials was determined by the Rietveld analysis of the diffraction data, using the PDXL 2 software and the ICDD (PDF-2) database. The Mössbauer spectra on the 57 Fe nucleus were measured at the Nuclear resonant scattering station ID18 [8] of the European Synchrotron Radiation Facility (ESRF) using a Synchrotron Mössbauer Source [9] . The measurements were carried out at a temperature of 4.2 K, both without an external magnetic field and in an applied external field ext = 5 T. The direction of the external magnetic field was chosen to be vertical, that is, perpendicular to the direction of the gamma radiation incident on the samples and perpendicular to the direction of the magnetic vector of almost completely (∼99%) polarized radiation from the Synchrotron Mössbauer Source [9] . Under these conditions, the measured Mössbauer spectra should contain only the components of hyperfine transitions with a change in the quantum number of the magnetic moment projection, Δ = ±1, which greatly facilitates the interpretation of the results. The Mössbauer spectra were fitted using the software product SpectrRelax [10] . Magnetic measurements were performed at the Magnetometry Center of the IMF UrB RAS on a SQUID magnetometer MPMS-XL5 (Quantum Design) in external magnetic fields up to 5 T at temperatures from 5 to 400 K.
Results and Discussion
The X-ray-diffraction analysis data indicate that the alloys investigated are of single phase in structure and are chemically homogeneous. Table 1 ). The value of the specific saturation magnetization 0 was estimated by extrapolating the high-field part of the magnetization curve to ext = 0 (shown in Figure 2 by dashed lines). The magnetic moment per Fe atom, Fe , calculated from 0 , is also given in Table 1 . The results obtained agree with the magnetic measurements at = 4.2 K in [11] , where it was shown that the magnetization does not reach saturation in deformed The temperature magnetization curves ( ), measured under cooling in a magnetic field and in a zero magnetic field (FC and ZFC), show the presence of hysteresis in small fields (0.005-0.1 T). At higher values of the external field, the hysteresis disappears. A comparison of the ( ) values for the hysteresis loop and the ZFC and FC cycles shows that they are close. Apparently, the observed hysteresis is magnetic rather than thermomagnetic in character. The temperature dependence of the magnetic susceptibility of the investigated alloys has the form characteristic for an antiferromagnet [12] and makes it possible to estimate the temperature of transition to the paramagnetic state: for the Fe 65 Al 30 Ga 5 alloy, = 400 K, which is higher compared to the binary alloy Fe 65 Al 35 (≈340 K). The observed peculiarities of the field and temperature behavior of the magnetic characteristics allow us to state that in the low-temperature range the magnetic state of the alloys investigated cannot be unambiguously assigned to any of the well-known types of magnetic ordering [13] . Figure 3 presents the Mössbauer spectra measured with and without an external field and the corresponding hyperfine magnetic field (HFF) distributions ( hf ) (blue and black lines). It is obvious that the addition of gallium to the Fe 65 Al 35 alloy leads to an increase in the "integral" average magnetic characteristics: magnetization and the mean HFF. The introduction of a 5 at.% boron additive causes a sharp increase in the magnetization (by a factor of three) and the mean HFF (by 5.8 T).
According to the magnetic measurements, the magnetic moment for the Fe 65 Al 35 alloy is 0.3-0.4 /Fe atom (Table 1) . If this alloy is considered to be a single-phase ferromagnet, then based on the mean HFF value of 14.0 T and using the known coefficient ⟨ hf ⟩/ Fe : 11.0 ÷ 12.0 T/ [14, 15] The resolved hyperfine structure in the Mössbauer spectra of Fe alloys with an Al content above 25 at.% is lacking. In a series of studies, this was considered as the result of an increase in the number of possible local environments of Fe atoms in superstructures of nonstoichiometric composition or a manifestation of the itinerant magnetism. Mössbauer, magnetometric, and neutron diffraction studies [11, [16] [17] [18] [19] led to the assumption of the existence of clusters or groups of magnetic moments forming magnetic microinhomogeneities in ordered Fe-Al alloys. However, these revealed magnetic inhomogeneities differ significantly in the size: from one or several unit cells [11] to 2-4 nm [16] . In addition, in a number of papers, the idea of the existence of oppositely oriented magnetic moments in ordered Fe-Al alloys was advanced, which was explained, for example, by antiferromagnetic indirect exchange interaction between the Fe atoms separated by an Al atom [17, 20] or negative exchange interaction due to the RKKY interaction. Theoretical calculations of the electronic structure and local magnetic moments of ordered Fe-Al alloys (29-44 at.% Al) within the density functional theory [21] have shown a possibility for the existence in these alloys of three types of magnetic ordering with a small energy difference between the states: the collinear local antiferromagnetic, ferromagnetic alignment, and the spiral spin density wave. The estimated difference in energy between these states did not exceed 7 mRy/cell. In the ground state, the most energetically preferable are the spin density wave and the local antiferromagnetic state. However, the energy of the ferromagnetic state is so close that, under external influences or with changes in the boundary conditions and lattice parameters, the probability that this state will arise is high. This suggests the possibility of magnetic phase separation in such systems. In addition, the authors of the work noted the dependence of the magnetic moment magnitude and direction on the number of Al atoms in the nearest environment of the Fe atom.
Neutron diffraction studies of the B2-ordered Fe-Al alloys with Al concentrations of 34-43 at.% confirmed the existence of spatial correlations between the magnetic moments with a coherence length of about 5 nm, which were interpreted in terms of spin density wave.
When studying the transverse magnetoresistance and the Hall effect in the ordered alloys Fe 100-Al , = 30-35 at.%, the authors of [7] revealed anomalies of the magnetotransport properties explained in the context of the spatially inhomogeneous magnetic structure model.
The spectra were fitted in a discrete representation with the number of sextets equal to the number of centers detected in the HFF distribution p( hf ), with each center being assigned to the nucleus of the 57 Fe atom in a certain local environment. It was also assumed that the parameters of the local atomic environment (the HFF of 57 Fe and the configuration probabilities) are close to those of the corresponding local configurations for ordered Fe-Al alloys [22] . However, no satisfactory description of the Mössbauer spectra was obtained within the model of local atomic environments.
It was expected that low-temperature Mössbauer measurements in an external magnetic field would provide additional information for the selection of an adequate model of Mössbauer spectra. It is known that, in the spectra of a polycrystalline ferromagnetic material with Fe ↑↓ hf in a magnetic field whose direction is parallel to that of the magnetic vector of incident radiation, which was realized in this study, two changes are observed: the ratio of the elementary sextet line intensities changes from 3 : 2 : 1 to (1) There is a contribution from resonant atoms in the ferromagnetic phase, for which the values of the local HFF depend on the local environment and can be represented by the local HFF distribution p( hf ).
(2) There is a contribution from resonant atoms for which the values of the local HFF (and, correspondingly, the magnetic moments) vary from site to site of the crystal lattice proportionally to the spin density wave.
There are a lot of examples of estimating the Mössbauer experiment data in the SDW model [23, 24] . The spin density wave is a stationary periodic field of electron spin density in the crystal lattice. It is assumed that the HFF on the nucleus of a resonant atom in the mid position in the crystal lattice is proportional to the SDW amplitude in this position. We assume the SDW to be collinear and antiferromagnetic. In addition, the SDW is assumed to have a symmetry similar to that found earlier, for example, in chromium [25] . The SDW can be described by a series of odd harmonics, and the SDW amplitude ( hf ) can be expressed in the form [26] 
where the symbol 2 −1 denotes the amplitude of the successive harmonics, the variable is the wave number of the SDW, and the symbol designates the relative position of the resonance nucleus along the stationary SDW propagation direction. The index numbers the highest necessary harmonic. By virtue of the SDW periodicity, the argument qx satisfies the following condition: 0 ≤ ≤ 2 . The average amplitude of the SDW, ⟨ hf ⟩, described by expression (1), is zero. The amplitude of the first harmonic b 1 is positive by definition, since the absolute phase shift between the 6 Advances in Condensed Matter Physics SDW and the crystal lattice generally is not observed in the framework of the method used. The amplitudes of the subsequent harmonics in the experimental spectrum processing are variable parameters. The electric quadrupole interaction is considered as a perturbation of the first order of smallness, because it is small compared to the magnetic interaction for all the cases under consideration. The results of MS fitting in the framework of this model are presented in Table 2 .
The major contribution to the MS of the Fe 65 Al 35 alloy ( ext = 0 T) comes from a long-period magnetic structure of the SDW type, whose fraction is no less than 70%. For the alloy with gallium addition, this contribution is much smaller but not less than that of the ferromagnetic-type phase. As seen from Figure 4 , in these alloys, the SDW has a "triangular" shape, for which the distribution p( hf ) is fairly uniform, "flat" [26] . In the spectra measured with ext = 5 T, the shape of the SDW changes to "rectangular"; higher-order harmonics appear. The distribution p( hf ) for the SDW of this form is a Dirac delta function.
In the adopted SDW approximation, we assume a zero contribution to the magnetization from atoms with the SDWgenerating magnetic moments. With consideration for the fraction and the average HFF ⟨ hf ( )⟩ of the ferromagnetic Advances in Condensed Matter Physics 7 phase, the magnetic moment is estimated to be 0.42 /Fe for Fe 65 Al 35 and 0.8 /Fe for Fe 65 Al 30 Ga 5 . It should be noted that in the ferromagnetic phase region one cannot exclude the presence of atoms with magnetic moments, the direction of which is opposite to the total magnetization. The magnitude and direction of these magnetic moments are determined by the characteristics of the local environment of the atom [22] . As the proportion of such atoms is small, the rather rough two-phase approximation makes it possible to reach a satisfactory agreement with the magnetometry data.
When an external magnetic field is applied, the average value of the HFF of the ferromagnetic subsystem is reduced by an amount approximately equal to the applied field. At the same time, due to the decrease of the SDW contribution, the fraction of the ferromagnetic subsystem increases. The observed changes in the contributions to the Mössbauer spectrum make it possible to conclude that when the investigated alloys are exposed to a magnetic field, there occurs a change in the spatial arrangement and the proportion of the two magnetic phases.
Based on the known literature data and the results of magnetometric and Mössbauer investigations in the present work, the magnetic microstructure of the Fe 65 Al 35 and Fe 65 Al 30 Ga 5 alloys in the ground state can be qualitatively represented as a set of regions characterized by two different types of order. In the absence of an external field and at low temperatures, the region with ferromagnetically ordered moments occupies a small part of the material volume. In this region, there may chaotically occur atoms with the magnetic moments, whose direction is opposite to the total magnetization of the region. Most of the crystallite bulk is occupied by regions (or clusters) in which the spin density, the related magnetic moment, and effective HFF on the nuclei of 57 Fe atoms vary periodically from site to site. In such regions, covering several cells of the crystal lattice (10 ÷ 15) , the arrangement of the collinear magnetic moments is described in the spin density wave representation. It is the presence of these regions that leads to the large paramagnetic contribution to the magnetic susceptibility of the material, observed at low temperatures and small external fields. First, as the external magnetic field increases, the ferromagnetic region gets magnetized. Then the magnetic moments in the SDW region change gradually their orientation to be more favorable with respect to the external magnetic field direction, and SDW region "dissolves" (becomes smaller) in the ferromagnetic region which increases in volume. That is, during the material magnetization, there occurs a change in the spatial arrangement and the proportion of the two magnetic phases in the crystal lattice, which explains the unusual behavior of the virgin magnetization curve relative to the hysteresis loop on magnetization.
In the alloy with the addition of gallium, the fraction of the SDW is noticeably smaller. As possible causes of this experimental evidence, one can mention an increase in the interatomic spacing, composition fluctuations, and/or increasing disordering, which immediately results from a chaotic substitution of Al atoms by Ga atoms in the lattice of the initial alloy. According to the conclusions of the theoretical work [21] , even small perturbations of the parameters of the nearest environment in ordered Fe-Al alloys can lead to the realization of the ferromagnetic alignment of the magnetic moments rather than the SDW.
The ferromagnetic behavior of the Fe 65 Al 30 j 5 alloy, mainly observed in magnetic and Mössbauer experiments, is most likely due to its structural state. The small size of the regions of coherent X-ray scattering, as evidenced by XRD studies, results in a high-degree disorder in the atomic arrangement of the D0 3 superstructure, since a large part of the atoms are located directly on or near the crystallite boundaries. In addition, according to our estimate, the size of the coherent-scattering regions for this alloy is of the same order of magnitude as the SDW coherence length in Fe-Al alloys [6] . All this in aggregate may be responsible for the ferromagnetic ordering of the magnetic moments.
Conclusions
In this paper, we propose an explanation of the observed behavior of the magnetic characteristics of Fe 65 Al 35− M (M = Ga, B; = 0; 5 at.%) alloys within the magnetic phase separation model, which presupposes the existence of at least two magnetic subsystems: ferromagnetic or ferrimagnetic and spin density wave. The accepted model representations make it possible to obtain a satisfactory agreement of the magnetic moment values from Mössbauer and magnetic measurements and to interpret the observed behavior of the alloys in an external magnetic field as a result of changes in the spatial arrangement and the proportions of the magnetic phases. Although the main qualitative changes in the magnetic characteristics of the Fe 65 Al 35 and Fe 65 Al 30 Ga 5 alloys are reproducible in this representation, the chosen model requires further experimental and theoretical study of the features of long-period magnetic structures of the SDW type under the action of temperature and external magnetic field. The Fe 65 Al 30 j 5 alloy demonstrates the behavior characteristic of a ferromagnet.
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